Abstract The factors that influence genetic architecture shape the structure of the fitness landscape, and therefore play a large role in the evolutionary dynamics. Here the NK model is used to investigate how epistasis and pleiotropy -key components of genetic architecture -affect the structure of the fitness landscape, and how they affect the ability of evolving populations to adapt despite the difficulty of crossing valleys present in rugged landscapes. Populations are seen to make use of epistatic interactions and pleiotropy to attain higher fitness, and are not inhibited by the fact that valleys have to be crossed to reach peaks of higher fitness.
Introduction
Rugged fitness landscapes have been suggested to put a halt to adaptation [1, 2] . When there are multiple peaks in the fitness landscape, populations must cross valleys to achieve higher fitness, but because crossing a valley implies that organisms will have lower fitness, they are likely to get stuck on local fitness peaks. Several solutions have been proposed to the problem of valley-crossing, including non-static landscapes [2] [3] [4] , subpopulations crossing by drift [5] , and circumventing valleys by using neutral ridges [6] . Here we will see that populations can indeed cross fitness valleys as long as the mutation-supply rate (product of population size and mutation rate) is not unrealistically low. When the supply of mutations is large enough, some organisms can endure lower fitness and still manage to reproduce, thereby giving them a chance to ascend adjacent fitness peaks. An initially maladapted population will most often climb the nearest peak, and if this peak happens not to be the global peak, it can then achieve higher fitness by relying on the stochastic nature of evolution. The more rugged a landscape is, the harder it becomes to cross Bjørn Østman Department Microbiology and Molecular Genetics & BEACON Center for the Study of Evolution in Action, Michigan State University, e-mail: ostman@msu.edu valleys, but it turns out that not only can populations overcome relatively high levels of ruggedness, but high ruggedness also implies that the global peak is higher, leading to more efficient adaptation. Epistatic interactions between genes therefore not only constrain adaptation when the population gets stuck on a local peak, they actually boost it. Consequently, deleterious mutations are seen not as a hindrance to adaptation, but as a necessary component without which adaptation would grind to a halt.
The structure of the fitness landscape and the ruggedness that it exhibits are shaped by the interactions between the genotypes and the mutations that take place when a descending organism moves between neighboring genotypes. Epistasis and pleiotropy have distinct but related effects whereby the fitness landscape acquire a structure that either inhibits or enables an evolving population to attain higher fitness. Evolutionary dynamics is thus largely determined by three key parameters: population size, mutation rate, and the fitness landscape. With adequate information about the fitness landscape, and the factors that underlie genetic architecture, the extent to which populations can successfully utilize deleterious mutations and locate the fittest genotype can be assessed. Results from simulations of evolving populations in rugged fitness landscapes are here presented showing that adaptation is not slowed down in moderately rugged landscapes, but rather allows populations to attain higher fitness than in landscapes with no epistasis. Three hypotheses concerning epistasis and pleiotropy springing from the model employed in this work are presented for future investigation.
NK Model
To investigate the effect of epistatic interactions on the adaptive process, we employ the NK model, which is a simple system previously used to study interactions between loci with different alleles. The NK model consists of N loci in circular, binary sequences [7, 8] . Each of the N loci contributes to the fitness of the organism via an interaction with K adjacent loci. For each locus i a lookup-table consisting of uniform random numbers represents the fitness component of a binary sequence of length K + 1. For example, K = 1 (interaction with one other locus) is modeled by creating random numbers for the four possible binary pairs 00,01,10,11 for each of the N loci, that is, the fitness component at one locus is conditional on the allele at one other locus. The overall fitness of an organism is usually given by the average of the N fitness components, but here we use the geometric mean (motivated by the fact that one could then introduce lethal mutations by setting one or more elements in the lookup-tables to zero):
(1) Sign epistasis denotes situations where the effect of a mutation chances depending on the genetic background on which it occurs. Here mutation B is beneficial when occurring alone, and the expectation is that the effect of A and B together is dominated by the larger effect size of the deleterious mutation A. When the actual combined effect changes from the expected deleterious to beneficial (green arrow), we observe sign epistasis. (C) Two deleterious mutations have the non-epistatic expectation of being deleterious. Reciprocal sign epistasis occurs when the combined action of the two mutations reverses the effect on fitness. Reciprocal sign epistasis occurs when a valley in the fitness landscape is crossed, and it is a necessary condition for multiple peaks to exist. From [9] .
Because the objective is to study the adaptive phase of evolutionary dynamics (as opposed to mutation-selection balance [10] ), the simulations are started with a population of low fitness, allowing the population to increase in fitness. Every computational update 10% of 5,000 asexual organisms are removed at random, and the remaining organisms replace them by reproduction. The organisms that get to reproduce are chosen with a probability proportional to fitness. That is, if the fitness of an organism is twice that of another, it has twice the chance to reproduce. Since this process is stochastic, organisms of lower fitness are not doomed to extinction, but with luck can become the ancestors of later generations. Reproduction is simulated by making a copy of the chosen organism and allowing each of the N loci to mutate from 0 to 1 or from 1 to 0 at a rate µ. Three different mutation rates are used in order to study the effect of the mutation-supply rate on the ability of the populations to cross valleys in the fitness landscape. Every organism has a genotype that consists of a binary string of length N = 20 loci, and the effect of varying degrees of ruggedness on adaptation is investigated by running simulations with different values of K, which modulates the amount of epistatic interactions. Each simulation is run for 2,000 updates, which is enough in most instances to attain the highest fitness possible given the fitness landscape, population size, and mutation rate. Because there are no features of the dynamics that allow more than transient coexistence of different genotypes, the most recent common ancestor is never far in the past. Consequently, all organisms surviving at the end of a simulation run shares most of their history, and we can therefore reconstruct the line of descent (LOD) that is common to all surviving organisms and still cover most of the 2,000 computational updates. Epis- tasis is measured between pairs of consecutive mutations, i and j, on this shared LOD in the following way:
where W 0 denotes fitness before either mutation, W A is fitness with the first mutation, W B is fitness with the second mutation, and W AB is fitness with both mutations (Fig. 1) . The genotype with only mutation B does not occur on the LOD, so W B has to be reconstructed afterwards for epistasis to be calculated. Epistasis on the LOD is calculated as the average of each pair of mutations. Epistasis can readily be calculated both between non-consecutive mutations as well as between more than two mutations, but we are here interested in how epistatic interactions enable populations to cross fitness valleys, and the most recent mutations have the largest effect on the ability to do this. 
Results
The NK model was used to investigate the extent to which adapting populations make use of epistatic interactions. Simulations were carried out for three different mutations rates of µ = 10 −4 , µ = 10 −3 , and µ = 10 −2 . With a constant population size of 5,000, this gives mutation-supply rates of 0.5, 5, and 50, which spans values on either side of the limit demarcating the strong-selection weak-mutation regime (SSWM) from the regime where multiple mutations go to fixation at the same time. This regime has been investigated analytically under the assumption that the mutations do not interact [11] , but here this assumption is removed allowing for epistasis to affect the adaptive process. Adaptation is observed and the fitness attained at the end of the 2,000 updates is recorded as Ω , and used to compare the efficiency with which different populations adapt. As K is increased from 0 (smooth landscape with no epistasis) to 10 (highly rugged landscape), the number of substitutions, i.e., mutations on the LOD, drops significantly (Fig. 2) . The fraction of substitutions that are beneficial stays approximately constant across this range of K, while the amount of epistasis on the LOD increases (Fig. 3) . The attained fitness increases up to K ≈ 5 (depending on the mutation rate), after which a decline is observed (Fig. 4) . So despite there are fewer beneficial substitutions for higher K, the population is still able to attain a higher fitness. This seems contradictory, for surely more beneficial substitutions would result in higher fitness. The answer is that the structure of the fitness landscape is the main determinant of the extent to which an evolving population can adapt. In the NK model epistasis causes changes in fitness that deviate from the non-epistatic expectation. The effect of each mutation is modulated, and the selection coefficients increase with K (Fig. 5 ). This increase in selection coefficients is an effect of both epistasis and pleiotropy. Epistasis causes the fitness landscape to be more rugged and therefore to contain more peaks, which will then have steeper slopes. Pleiotropy increases the effect a mutation can have on fitness by affecting more than one trait at a time. Both of these cause the distribution of selection coefficients to be broader, opening up more opportunities for mutations of large effect. 
Discussion

Epistasis Causes Landscape Ruggedness
Fitness landscapes that contain only a single peak are often called smooth, whereas landscapes with multiple peaks are denoted as rugged (Fig. 6 ). Rugged landscapes can vary both in the number of peaks and in the range of fitness values between the least fit genotypes and the fitness of the global peak. This ruggedness of the fitness landscape is caused entirely by epistasis, with selection determining the fitness of individual genotypes. When there is no epistasis, the landscape is smooth. In this case, adaptation is straightforward, as an evolving population will eventually reach the top of the peak. When more than one peak is present, there is always epistasis present as well [12] . Take for example a fitness landscape in one dimension where fitness is a function of body-size. If small and large bodies are favored by selection but intermediate sizes have lower fitness, then there are two peaks. Moving from one peak to the other necessarily results in epistasis between at least one pair of mutations: at the bottom of the valley, one mutation causes an increase in fitness only on the background of another, without which there would be a decrease in fitness. Fig. 6 Examples of smooth and rugged fitness landscapes in one dimension. The smooth landscape has a single peak whereas the rugged landscape has multiple local peaks. The ruggedness is caused by epistatic interactions between genes or mutations, and because epistasis and pleiotropy are coupled in the NK model, increased epistasis also leads to higher levels of pleiotropy. Ruggedness therefore implies not only more peaks but also a greater range in fitness, here represented by the scale of the vertical axes.
While fitness landscape ruggedness is caused by epistasis by increasing the number of peaks, it is pleiotropy that is responsible for the increased range in fitness values. If we imagine the fitness landscape as a one-dimensional string, then the smooth landscape is simply a string with a single peak (Fig. 6 ). It has a range from one of the ends of the string to the height of the global peak. If we increase the number of epistatic interactions between genes and mutations, then the string becomes wrinkled, resulting in multiple local peaks. However, if we were to do this without affecting pleiotropy, then the fitness range would be unaffected. On the other hand, if we only increase the average level of pleiotropy while keeping the number of epistatic interactions constant, then the fitness range would expand without affecting ruggedness. This happens because pleiotropy results in mutations affecting more than one trait at a time, thereby broadening the distribution of the fitness effect of mutations, whether deleterious or beneficial. We can express this as epistasis modulates the frequency of the landscape, while pleiotropy modulates the amplitude. In the NK model epistasis and pleiotropy are coupled, and K directly affects both at the same time. In natural systems this is generally not the case. Rather, genes group into modules that affect individual phenotypic traits, and through their joint action on this trait the genes (an mutations affecting them) interact epistatically. In contrast, while genes generally interact with many other genes, the level is pleiotropy is neither tied to epistasis nor is it as prevalent. The emerging picture from natural systems (e.g., yeast) is that there are relatively few pleiotropic links between modules, resulting in well-defined modules of genes affecting single traits [13] . Consequently, the effects of epistasis and pleiotropy are not coupled in natural systems, and decoupling them in the NK model could therefore increase the realism of the model. If the level of pleiotropy is lower in natural systems, then the range in fitness will also be affected, and the linear relationship found between selection coefficients and K will probably be less steep.
Future directions
It is generally assumed that the fitness effects of mutations in pleiotropic genes are uncorrelated (e.g., [14] ). Because most mutations are either neutral or deleterious, a mutation that is beneficial in one trait is considered most likely to be neutral or deleterious in the other traits that the pleiotropic gene affects. However, considering that the gene encodes a protein that is likely to have the same function in several or all the traits, it seems more likely that if the mutation is beneficial for one trait, then it would also likely be beneficial in the linked traits. For example, if the protein has the same function in the linked traits, then mutations that improve thermal stability or affinity of the active site are likely to be beneficial in all the traits. If the function of the protein is different in the linked traits, then there may be no correlation between the fitness effects, but for proteins whose biochemical function is similar in the linked traits, a correlation in fitness is likely. Such pleiotropically correlated fitness effects could have consequences for adaptation, causing beneficial mutations in pleiotropic genes to have larger effect, thereby increasing both the speed and probability of fixation.
In the weak mutation regime, early adaptation in NK is dominated by noninteracting beneficial mutations with some negative epistasis. Later in the adaptive process and nearer the peak epistasis shifts to become predominantly positive and to include some sign epistasis [15] . The diminishing returns observed among beneficial mutations in adapting microbial populations [16, 17] thus appears to be due to regression to the mean. Experimental populations are generally not seen crossing valleys in the fitness landscape, so the positive and reciprocal sign epistasis that would then be observed have rarely been reported in the literature (but see [18, 19] ). Valleys can be crossed when the mutation-supply rate is large enough, and the waiting time to new mutations is short and deleterious mutations can be tolerated. Reciprocal sign epistasis is a necessary condition for multi-peaked fitness landscapes [12] , so empirical observations would therefore shed light on this important aspect of fitness landscape structure.
In the NK model, global peak height increases with landscape ruggedness [9] . However, this may not be an artifact of the NK model alone. Rather, because the synergy between genes in modules is dependent on the number of genes, modules of genes encoding traits will have a larger effect on fitness the more genes are available. In other words, larger modules confer higher fitness. A comparison between different species that share traits (e.g. vision) should reveal a correlation between the fitness conferred by the module and the number of genes in the module. This could be measured by counting the number of genes that contribute to, say, vision among similar organisms and scoring the trait on a scale of how well it functions. Most likely the increase in fitness as a function of the number of genes is less than linear, because the function cannot be improved indefinitely.
